Fuzz nanostructure formation on metal by helium plasma irradiation has potential in industrial application due to the increasing in surface area. We have investigated the influence on the surfaces of platinum and tungsten carbide by helium plasma irradiation. On tungsten carbide, fuzz nanostructure was formed when the surface temperature was higher than 1000 K. However, when helium irradiation was conducted at the surface temperature of 940 K or higher, tungsten carbide changed to W possibly because of radiation enhanced sublimation. On platinum, fuzz nanostructure was formed when the surface temperature was in the range of 800 -1000 K and the fluence was on the order of 10 26 m −2 . The nanostructure formation mechanism of platinum should be similar to that of tungsten, but incubation fluence of platinum was higher and the growth rate of fuzzy layer was likely to be lower than those of tungsten.
Introduction
In studies of plasma wall interaction, it is known that fiber-form nanostructures of tungsten (W) are formed by low energy helium (He) plasma irradiation [1] . The nanostructures are called "fuzz". The fuzz structures are formed on various metals such as molybdenum, titanium, iron, and vanadium; the needle-like nanostructures are also formed on silicon by the irradiation [1] [2] [3] [4] . In addition, effects on the optical absorption have been reported due to the formation of nanostructures [5, 6] . These helium plasma irradiation effects have potential for use in industrial applications for example, as catalysts and photocatalysts. Increasing the surface area and optical absorption of catalysts and photocatalysts is advantageous, improving catalytic activities. Improved performance has been reported for water splitting using nanostructure-formed W [6] . The He plasma exposure is a simple dry process that can make the nanostructure on the surface from tens of minutes to several hours. In order to expand the possibilities for this process to be applied as a catalyst manufacturing method, it is necessary to investigate the influence of the process on materials generally used as catalysts.
Platinum (Pt) is a common material in catalyst industries such as purification of engine exhaust, production of fuel cell electrodes, and modification of photocatalysts [7] [8] [9] . However, Pt is scarce and expensive; therefore it is necessary to reduce the consumption of Pt by making nano-sized structures on the surface to enable have high performance and by developing alternative materials. Tungsten carbide (WC) is one candidate for the alternative materials [10] . WC has been applied as a fuel cell because the valence band of WC is similar to that of Pt [10, 11] . Unfortunately, neither Pt nor WC has been investigated for effects from He plasma irradiation. This study focused on the effects of He plasma irradiation on the surface morphology of Pt and WC. For Pt, the influence on the surface morphology was investigated by changing the surface temperature of the samples and He ion fluence. Concerning WC, influence on morphology and molecular structure of the surface was investigated mainly by changing the surface temperature of the samples.
Experimental Setup
The experiments were performed in the linear plasma device NAGDIS-II (NAGoya DIvertor plasma Simulator). The electron density was on the order of 10 18 m −3 , the electron temperature was ∼ 5 eV, and the strength of the magnetic field was ∼ 0.1 T. The surface temperature and incident ion energy were controlled, respectively, by changing the He ion flux to the samples and by biasing voltage of the samples. The surface temperature was measured with a radiation thermometer at a wavelength of 1.6 µm. The samples were Pt wires, Pt thin films and WC plates. Pt wires were 5 mm in length with diameters of 0.5 mm, and spot-welded on tungsten substrates. Pt films were deposited on quartz substrates by RF magnetron sputtering. The thickness of Pt films was 1 µm and the size of the quartz substrates was 10 × 10 mm. WC plates size was 11.6 × 11.6 mm. The radiation thermometer was used to measure the surface temperature at the emissivity of 0.30 for Pt wires, 0.22 for Pt thin films and 0.40 for WC plates. When irradiation was conducted at a surface temperature lower than 1000 K, the samples were situated on a water cooled stage in order to control surface temperature, as heat flux from He plasma is considerably high. The irradiated samples were observed with a scanning electron microscope (SEM). Pt thin films were analyzed by thermal desorption spectrometry (TDS). Molecular structures of WC were analyzed by X-ray diffraction (XRD). Table 1 summarizes the irradiation conditions of WC, including surface temperature (T s ) of the samples and incident energy (E i ). Figure 1 shows the SEM micrograph of WC-3 and WC-7. Fuzzy nanostructures were formed when the surface temperature was higher than 1000 K, the incident ion energy was from 55 to 75 eV, and the fluence was on the order of 10 25 m −2 . On the other hand, when the surface temperature was lower than 1000 K, the fuzz structure was not formed, and a rough structure appeared on the surface. The lower limit surface temperature conditions for nanostructure formation were within about 0.3 to 0.4 of the melting point of WC that is 3143 K. Surface temperature dependence was consistent with other materials [1, 2, 4] . The formation conditions and the shape of the fuzz structure were similar to those of W formed at temperatures higher than about 1000 K [1] . Figure 2 shows XRD spectra of the irradiated WC samples, namely WC-2, WC-3 and WC-4, and vacuum heated WC without He plasma irradiation. WC-3 and WC-4, which have nanostructures on their surfaces, demonstrated a diffraction peak of W at about 40 degrees; in particular, WC-4 had weak peaks of WC at about 31 degrees and about 35 degrees. On the other hand, WC-2, which was exposed to He plasma at 550 K surface temperature, and vacuum heated WC without He plasma irradiation had no diffraction peak of W. The surface structures of both samples were not changed. Carbon (C) peak was not observed in any samples. These results suggest that C was released from the WC surface by He plasma irradiation, with WC changing to W. Although the sputtering yield of C is sufficiently higher than that of W even without nanostructure formation, the phenomenon of C release would not have resulted only from selective sputtering because no W peak was observed in the sample irradiated at 550 K.
Results and Discussion

He plasma irradiation to tungsten carbide
The C release may be attributed to radiation enhanced sublimation (RES) [12] [13] [14] . RES is a phenomenon unique to C-based material, in which erosion rates increase with an increase in temperature under ion irradiation. The threshold temperature and energy for RES were about 1300 K and 40 eV, respectively [13, 14] , which was lower than the incident energy in this study. The mechanism of RES was reported by Roth and Möller [14] . It is based on the creation of free interstitial C atoms by the collision of ions; the interstitial C atoms diffuse and evaporate from the surface due to temperature rise. In this study, C desorption started at 940 K, which was lower than 1300 K. The formation of He bubbles would have reduced the vacancy density at the surface, and the trap sites might have significantly decreased. These reasons suggest C emissions in the samples when the surface temperature was lower than 1000 K. Table 2 summarizes the irradiation conditions of Pt wires, the samples were numbered from Pt-1 to Pt-17. Figure 3 shows the SEM micrograph of Pt-3, Pt-4, Pt-11, and Pt-15. Regarding the temperature dependence, the shapes were similar regardless of fluence. Fuzz was formed in the ranges of about 800 to1000 K. On the other hand, when the surface temperature was lower than 800 K, a cone-like structure was formed. The structure became more round with increasing fluence, suggesting that the cone-like structure was formed by the sputtering. When the surface temperature was higher than 1100 K, the surface structure became bigger and rough. The melting point, T m , of Pt is 2041 K and the temperature at which fuzz was formed was within the range of 0.3 to 0.5 T m . This dependence was consistent with other materials. The dependence of incident ion energy was not clearly demonstrated. Figure 4 shows the TDS analysis of a Pt thin film for which the irradiation condition was at a surface temperature of 740 K, incident ion energy was 65 eV, and fluence was 1.3 × 10 26 m −2 . Pressure was evaluated based on the signal intensity of QMS. The sample was heated up to 1000 K with a heating rate of 0.75 K/s. The growth mechanism of fuzz structures has been investigated for W from experimental and theoretical points of view [1, 15] . The fuzz growth is attributed to the diffusion of interstitial He atoms and the growth of He bubbles. The desorption behavior reflects the motion of interstitial He atoms and He bubbles. In TDS analysis for W, there are two desorption peaks. One was at around 1000 K, corresponded to the minimum temperature for fuzz growth [16] . Another peak was occur at higher than 2000 K, where no nanostructures were formed on the W [16] . Moreover molecule dynamics simulation suggested that the He bubble growth and des- orption are activated with increasing the temperature [17] . Thus, the He desorption increase from ∼ 800 K on Pt suggested that He diffusion and growth of He bubbles were activated on Pt surface at the temperature. The desorption temperature corresponded to the minimum temperature at which fuzz structure was formed on Pt in this study. It seems that the mechanism of fuzz formation and growth of Pt is similar to that of W. The higher peak could not be identified, because we could not increase the temperature of the quartz substrates. Figure 5 summarizes the relationship between the morphology changes and the irradiation conditions. When the surface temperature was lower than 1100 K and the flu-3406074-3 reported that the thickness of fuzz layer depended on square root of fluence, and the fluence had threshold, which was called incubation fluence, in order to form fuzz structure [18] . On W, nanostructures were formed on the entire surface at the fluence of ∼ 10 25 m −2 , which was about one order of magnitude lower than that of Pt [1, 18] ; also, the incubation fluence of Pt was likely to be about one order of magnitude higher than that of W.
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Conclusion
Surface morphology changes of WC and Pt from the irradiation of He plasma were experimentally investigated. A fuzz structure was formed on the WC surface when the surface temperature was higher than 1000 K. In XRD analysis, the samples, on which the nanostructures were formed, showed weak WC peaks but a strong W peak. This was likely due to radiation enhanced sublimation (RES), and RES was likely promoted at lower temperature because the trap sites of interstitial carbon atoms were decreased by the growth of He bubbles in WC.
Fuzz structures were fully formed on the surfaces of Pt when the surface temperature was 800 to1000 K and the fluence was on the order of 10 26 m −2 . In order to form nanostructures on Pt, 10 to 100 times the He fluence was required compared with the fluence necessary for forming nanostructures on W. The Pt fuzz method can be utilized to nanosizing technology in catalyst industry in future. We plan to investigate the catalic reactivity in future.
